The compiled knowledge in literature regarding the isothermal formation of austenite from different initial microstructures (pure and mixed microstructures), has been used in this work to develop a model for non-isothermal austenite formation in low-carbon steels (C<0.2 wt-%) with a mixed initial microstructure consisting of ferrite and pearlite. Likewise, calculations of relative change in length have been made as a function of temperature, and the differences between theoretical and experimental results have been analysed in 0.1C-0.5Mn low-carbon low-manganese steel. Experimental kinetic transformation, critical temperatures as well as the magnitude of the overall contraction due to austenite formation are in good agreement with calculations.
Most commercial processes rely on heat treatments which cause the steel to revert to the austenitic condition. This includes the processes involved in the manufacture of wrought steels and in the fabrication of steel components by welding. The formation of austenite is an inevitable occurrence during the heat treatment of steels. The phenomenon of austenitisation has been studied in the past but the work has tended to be disconnected and at a qualitative level. The initial condition of the austenite determines the development of the final microstructure and mechanical properties, so it is useful to model the transformation into austenite. In this sense, a quantitative theory dealing with the nucleation and growth of austenite from a variety of initial microstructural conditions is vital [1] .
Early work on austenitisation prior to 1940 was summarised in a paper by Roberts and Mehl [2] , which also reported a study of austenite formation from ferrite/pearlite and ferrite/"spheroidite" aggregates establishing the nucleation and growth character of the transformation. Subsequent work indicated the importance of cementite precipitates in ferrite in aiding nucleation of austenite [3, 4] , and considered austenite growth controlled by cementite dissolution [3, [5] [6] [7] . These investigations give an indication of the complexity of the problem since the austenite nucleates and grows in a microstructure consisting of two phases which have different degrees of stability.
In the eighties, the development of dual-phase steels by partial austenitisation revived the interest for the heating part of the heat treatment cycle. Dual-Phase steels, widely used in the automobile industry, are characterised by a superior combination of mechanical properties.
These steels are produced by annealing low-carbon steels in the intercritical temperature range with the aim of obtaining ferrite-austenite mixtures, and subsequent quenching to transform the austenite phase into martensite [8] [9] [10] . They have demonstrated that a ferritemartensite microstructure promotes continuous yielding with a rapid rate of work hardening and improved elongation in comparison to a ferrite-pearlite microstructure [11] . Speich et al. [12] categorised the intercritical austenitisation in low-carbon steels with a ferrite-pearlite starting microstructure into three stages: a) pearlite dissolution and growth of austenite into pearlite at a rate controlled primarily by carbon diffusion in the austenite; the growth rate of the austenite in this stage is expected to be rapid [12] [13] [14] [15] ; b) slower growth of austenite into ferrite; and c) slow equilibration in chemical composition of ferrite and austenite. García and DeArdo [11] pointed out that before complete dissolution of pearlite, the lamellar cementite particles spherodise and the carbon from the cementite particles diffuses towards the growing austenite. These authors all emphasised the importance of the microstructure that exists before intercritical annealing.
Little information is available about the austenite formation in steels subjected to continuous heating [16] . Recent work has quantitatively modelled the transformation of an ambient temperature steel microstructure into austenite during continuous heating [17, 18] . In these investigations, the Avrami equation, generally used to model transformations under isothermal conditions, was successfully applied to the pearlite-to-austenite transformation during continuous heating in a eutectoid steel with a fully pearlitic initial microstructure.
Lately, some researchers have adopted a different approach to the problem using artificial neural network [19, 20] , which helped to identify the fact that a neglect of the starting microstructure can lead to major errors in the transformation temperatures, sometimes by more than 100 °C.
All the theoretical knowledge [3, 6, 12, 15, [21] [22] [23] [24] regarding the isothermal formation of austenite from different initial microstructures (pure and mixed microstructures), will be used in this work to develop a model for the non-isothermal austenite formation in low-carbon steels with a mixed initial microstructure consisting of ferrite and pearlite.
Since dilatometric analysis is a technique very often employed to study phase transformations in steels, calculations of relative change in length have been made as a function of temperature, and the differences between theoretical and experimental results have been analysed in 0.1C-0.5Mn low-carbon low-manganese steel. Moreover, high-resolution dilatometry and metallographic analysis have been used to study the dissolution of pearlite during continuous heating in the same steel. A clear differentiation between pearlite dissolution process and α→γ transformation has been found. The influence of the pearlite morphology on dissolution process has been also studied in this work.
Materials and Experimental Procedure
The chemical composition of the steel studied in this research work is presented in Table I .
Semi rolled slabs 36 mm thick were soaked at 1523 K for 15 min., hot rolled to 6 mm in several passes, and finally air cooled to room temperature. The as-rolled microstructure of the steel is formed approximately by 90 % ferrite and 10 % pearlite ( Fig. 1.a) . (TABLE I) Specimens were polished in the usual way and finished on 0.5 µm diamond paste for metallographic examination. Two types of etching solution were used: Nital-2pct to reveal the ferrite-pearlite microstructure by light optical microscopy and solution of picric acid in isopropyl alcohol with several drops of Vilella's reagent to disclose the pearlite morphology on a JEOL JXA 840 scanning electron microscope. S , characterise the morphology of pearlite [15] . The values of σ o were derived from electron micrographs according to Underwood's intersection procedure.
Underwood [25] recommends determining the mean random spacing, σ r , first to estimate the mean true spacing, σ o . For this purpose, a circular test grid of diameter d c is superimposed on an electron micrograph. The number n of intersections of lamellae of carbide with the test grid is counted. This procedure is repeated on a number of fields chosen randomly. Then, the mean random spacing, σ r , is calculated from:
where M is the magnification of the micrograph.
Saltykov [26] has shown that, for pearlite with a constant spacing within each colony, the mean true spacing, σ o , is related to the mean random spacing, σ r , by: [15] . Then, the area per unit volume of the pearlite colonies interface is:
Approximating the pearlite colony by a truncated octahedron, the edge length of the pearlite Table II.   (TABLE II) To validate the austenitisation model and the calculated dilatation curve, an Adamel Lhomargy DT1000 high-resolution dilatometer was used. For this purpose, dilatometric specimens 2 mm thick and 12 mm long were heated at a constant rate of 0.05 Ks 
Results and Discussion

Modelling of kinetics of non-isothermal austenite formation in a steel with a ferrite plus pearlite initial microstructure
In the austenitisation of microstructures composed of ferrite and pearlite, two different transformations are involved: pearlite dissolution and ferrite-to-austenite transformation. Both transformations take place by nucleation and growth processes.
Modelling of kinetics of dissolution of pearlite
Nucleation and growth processes under isothermal condition can be described in general using the Avrami's equation [28] :
where x represents the formed austenite volume fraction in the austenitisation of a fully pearlitic microstructure, K is a constant for a given temperature, t is the time and n is a constant characterising the kinetics. Roosz et al. [15] obtained a value of n=4 from their measured data during intercritical annealing of a eutectoid plain carbon steel. According to
Christian [29] , with a spherical configuration, a value of n=4 means that the nucleation rate (
• N ) and the growth rate (G) are constant in time. This gives a transformed volume fraction of:
Roosz et al. [15] proposed the following temperature and structure dependence of nucleation and growth rates of austenite inside pearlite as a function of the reciprocal value of
where Q N and Q G are the activation energies of nucleation and growth [15] , respectively, k is Boltzmann's constant, and f N and f G are the functions representing the influence of the structure on the nucleation and growth rates, respectively.
The morphological function f N in equation (7) was found in previous authors' work [18] to have the following general form:
where a P is the edge length of the pearlite colony, σ o is the interlamellar spacing, N C is the number of nucleation sites (points of intersection of cementite with the edges of the pearlite colony [3, 21] ) per unit volume (
) and K N , n, m and i are empirical parameters. In this previous authors' work [18] , a model that describes pearlite-to-austenite transformation during continuous heating in a eutectoid steel was developed and the influence of morphological parameters on the austenite formation kinetics was experimentally studied and considered in the modelling.
Moreover, if the growth of austenite is considered to be controlled by interface diffusion of substitutional elements [15] , the function f G in equation (8) representing the structure dependence on the growth rate can be expressed as follows:
where K G is a empirical constant [18] .
The difficulties in treating non-isothermal reactions are meanly due to the independent variations of growth and nucleation rates with temperature. The problem is only undertaken when the rate of transformation depends exclusively on the state of the assembly and not on the thermal path by which the state is reached [29] . Reactions of this type are called isokinetic. Avrami defined an isokinetic reaction by the condition that the nucleation and growth rates are proportional to each other (i.e. they have the same temperature variation).
This leads to the concept of additivity and Scheil's rule [30] .
Since Avrami's condition for an isokinetic reaction is not satisfied for the current experimental study, a general equation to describe the non-isothermal overall pearlite-toaustenite transformation in a pearlitic steel was derived integrating the Avrami's equation over the whole temperature range where the transformation takes place [17] . In this sense, logarithms were taken in equation (6) and then it was differentiated,
If we consider a constant rate for the heating condition (
• T ), time can be expressed as follows: (12) and substituting into equation (11) and on the right sides, respectively, it can be concluded that: ( )
where T C is the previously cited temperature and T D the temperature at which the kinetics of ferrite-to-austenite transformation changes under non-isothermal conditions. It should be 
T C and T D temperatures were determined experimentally for this steel by means of dilatometric analysis. The possibility to be able to discriminate the pearlite dissolution process and the ferrite-to-austenite transformation by means of high resolution dilatometry permitted the determination of T C . As Datta et al. [23] found under isothermal conditions, a change on ferrite-to-austenite growth kinetics has been also detected in this work by the above mentioned technique enabling T D experimental determination. Figure 3 Normally, no differentiation between pearlite dissolution process and α→γ transformation is detected in the heating dilatometric curve of a ferrite plus pearlite microstructure. However, the experimental curve in Fig. 3 shows an unusual well formed contraction which could be associated to the pearlite dissolution. To confirm that this anomaly effectively corresponds to the pearlite-to-austenite transformation, a specimen was heated up to 10 K above the temperature of the dilatometric peak, which corresponds to Ac 1 temperature, at a heating rate of 0.05 Ks -1 , and immediately quenched at a cooling rate of 500 Ks -1 , approximately. Fig. 4 show the microstructure obtained in the interrupted heating test at that temperature (1018 K). It is clear from Fig. 4 that the dissolution of pearlite took place during heating at temperatures higher than the dilatometric peak temperature. In this sense, the previously defined Ac 1 and T C are the starting and finishing temperatures, respectively, of this anomaly. These temperatures have been determined from dilatometric analysis and also verified by metallography obtaining Ac 1 =1008 K and T C =1023 K.
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(FIGURE 4)
Likewise, the small contraction after the relative change in length reached to a minimum corresponds to the formation of austenite from some grains of ferrite that remains untransformed in the microstructure. This would explain the change in the linear thermal expansion as those residual ferrite grains transform almost instantaneously at T D temperature due to the change in ferrite-to-austenite transformation kinetics.
(FIGURE 5) the transformation reproduces an usual kinetic behaviour, whereas at temperatures higher than T D , the kinetics suddenly increases promoting the completion of austenitisation process only a few degrees after.
Modelling of dilatometric behaviour of non-isothermal austenite formation in a steel with a ferrite plus pearlite initial microstructure
Assuming that the sample expands isotropically, the change of the sample length ∆L referred to the initial length L o at room temperature is related to volume change ∆V and initial volume V o at room temperature for small changes as follows:
Therefore, ∆L L o can be calculated from the volumes of the unit cells and the volume fractions of the different phases present in the microstructure at every temperature during continuous heating: are the volume fractions of ferrite, cementite and austenite, respectively, at any transformation temperature. The austenite volume fraction was calculated at every temperature using equations (14) and, (21) or (22) .
The factors 2 and 1/3 in equation (24) are due to the fact that, the unit cell of ferrite and cementite contain 2 and 12 iron atoms, respectively, whereas that of austenite has 4 atoms. Moreover, the thermal expansion coefficient of cementite increases with temperature [32] .
Using data published by Stuart and Ridley [32] , the expression of the linear expansion coefficient as a function of temperature is: where T is the temperature in K.
The dilatation curve calculated using equation (24) temperature at which the transformation of ferrite-to-austenite is finished; and, d) from Ac 3 to the austenitisation temperature at which non-isothermal heating finishes.
(FIGURE 6)
In the first stage, the experimental dilatometric curve exhibits a linear thermal expansion relation with temperature. This is because the initial microstructure of the steel remains unchanged until Ac 1 temperature is reached. In that moment, the relative change in length of the sample no longer follows the linear relation with temperature and it contracts due to the dissolution of pearlite. With increasing temperature and already in the third stage, the relative change in length reach to a maximum, and then decreases until all ferrite is transformed into austenite. This process depends on the competition between the thermal expansion and the ferrite-to-austenite transformation. Thus, even after the relative change in length has reached to a minimum, some ferrite could remain untransformed in the microstructure. This explains the change in the linear thermal expansion as the residual ferrite transforms almost instantaneously at T D temperature. Beyond that temperature, the sample is fully austenitised, Ac 3 temperature is reached, and the sample exhibits a linear thermal expansion relation with temperature.
In general, the calculated relative change in length was consistent with the measured value at every temperature. The fact that both the modelled and the experimental dilatometric curves run parallel is irrelevant as long as the adequate thermal expansion coefficients are calculated adequately [17] . The linear expansion coefficients [32, 35] calculations. The only difference between both curves corresponds to the general shape of the curve between the onset and the end of the ferrite-to-austenite transformation (i.e. whether or not the specimen continued to get larger for a while after the dissolution of pearlite). That discrepance may be justified by the experimental results of a recent work [36] . This work reported that macroscopic heterogeneous samples with respect to the rolling direction in the steel, very common in hot rolled low carbon steels, undergo an anisotropic dilatation behaviour during transformation of the steel. That possibility is not considered is this model based on isotropic expansion of the sample (see equation (23)). Figure 1 Initial microstructure of the steel considered in this study: (a) Optical micrograph;
(b) Scanning electron micrograph. Figure 2 Temperature dependence of the kinetics parameter B from Datta et al. [23] experimental results. T C is the temperature at which ferrite-to-austenite transformation starts during the continuous heating of a ferrite plus pearlite initial microstructure. 
